1. Introduction {#sec1}
===============

ABX~3~ is a class of perovskite crystals with A being a valence 1 cation such as organic CH~3~NH~3~ (MA) or inorganic cesium (Cs), B being a valence 2 metal cation such as lead or tin, and X being a halide anion, such as Cl, Br, and I. Organometallic halide perovskites (CH~3~NH~3~PbI~3~) have generated much research interest in recent years because of the rapid improvement of their photoelectric conversion efficiency from 3.81 to 22.1% in a very short time.^[@ref1],[@ref2]^ All inorganic halide perovskite (such as cesium lead iodide CsPbI~3~) solar cells were subsequently developed. Even though the efficiency of CsPbI~3~ solar cells is slightly lower,^[@ref3]^ the crystal structure of CsPbI~3~ has better thermal stability than that of CH~3~NH~3~PbI~3~.^[@ref4]^ All inorganic perovskite solar cells can also be made in a large scale without the need of a ligand.^[@ref5]^ The success of lead halide perovskite in the photovoltaic industry has also prompted researchers to explore its applications in other fields such as photoelectric detectors,^[@ref6]^ laser,^[@ref7]^ and light-emitting diodes (LEDs).^[@ref8]^ In the field of LEDs, there have been demonstrations of high-purity yellow LEDs lasting for 1 h,^[@ref9]^ white LEDs,^[@ref10],[@ref11]^ and CsPbX~3~ red-emitting films.^[@ref12],[@ref13]^ Moreover, the emission spectra can be modulated in a variety of ways, such as precipitation temperature,^[@ref14]^ halogen-doped anion exchange,^[@ref15]^ and amount of capping molecules.^[@ref16],[@ref17]^ In addition, CsPbX~3~ has a narrow emission peak width and good thermal stability, which make them attractive candidates for future optoelectronic applications.^[@ref18]^

Although CsPbX~3~ has been demonstrated to be useful in LEDs, there are still significant challenges in the practical applications of CsPbX~3~. Perovskite nanocrystals are prone to degradation by light, heat, and humidity, leading to fluorescence quenching, limiting their use in optoelectronic devices.^[@ref19]^ It has been speculated that the degradation of cesium lead iodide is related to the structural decomposition caused by the interaction of polar solvents or water vapors with the iodine atoms in CsPbI~3~.^[@ref20]^ It was also found that in mixed halide CsPbBr~3--*x*~I~*x*~ nanocrystals, the original surface of CsPbBr~3~ nanocrystals is modified by the iodine atoms, and the binding efficiency of the surface passivation agent became poorer.^[@ref21]^

To stabilize the cesium lead iodide cubic phase, which is the desired crystal phase for photovoltaic and photoluminescence (PL) properties, researchers have come up with several methods. Mn,^[@ref22],[@ref23],^ Sn,^[@ref24]^ and Sb^[@ref25]^ ions have been used to replace Pb ions. For example, when Sn ions replace Pb ions, Cs~2~SnI~6~ showed better air and thermal stability.^[@ref26]^ Although the stability is improved, the photovoltaic performance is far lower than CsPbI~3~. Also, the cesium cations have been substituted by formamidinium;^[@ref27]^ meanwhile, the traditional oleylamine (OLA)/oleic acid (OA) ligands have been replaced by diphenylphosphinic acid^[@ref28]^ and tri-*n*-octylphosphine,^[@ref29]^ respectively, during the synthesis of perovskites without postsynthesis treatments. In addition, the ligand-to-metal ratio has been used as a method to improve the stability of CsPbI~3~ nanocubes, for example, at a ligand-to-lead ratio of 2, perovskite nanocubes can be maintained for 90 days under ambient conditions.^[@ref30]^ There have also been several methods of surface treatment to improve photostability of perovskites including polymer coating, inorganic mixing, and the combination of the two. The polymer coating involves polystyrene, poly(styrene-ethylene-butylene-styrene) (SEBS), poly(lauryl methacrylate),^[@ref31]^ and other polymer compounds, while the inorganic mixing method involved mixing perovskites with mesoporous silica.^[@ref32],[@ref33]^ The combination of polymer coating and inorganic mixing^[@ref34]^ offers multiple protections of the perovskites. It is worth mentioning that polymer coating can achieve water resistance of more than 4 months^[@ref30]^ and the inorganic mixing method can achieve a high temperature resistance of 100 °C.^[@ref31]−[@ref33]^ These results are of great significance for the applications of perovskite materials in extreme environments.

However, few of the methods mentioned above have studied perovskite surface treatment by another perovskite. More importantly, most of the previous studies focused on CsPbBr~3~, which is relatively stable by itself. It would be more advantageous to study the treatment of CsPbI~3~ because it is much less stable than that of CsPbBr~3~. Here, we investigate the improvement of PL stability of CsPbI~3~ over time by the method of treating CsPbI~3~ suspensions with precursors directly injected into the toluene suspensions using the ligand-assisted reprecipitation (LARP) method.^[@ref35]^ We examined heterogeneous surface treatment (using CsPbBr~3~ precursors) and homogeneous surface treatment (using CsPbI~3~ precursors) separately. It was found that with the heterogeneous surface treatment, the PL intensity could be enhanced but PL only lasted for 2 days, shorter than the 7 days of the untreated CsPbI~3~ suspension. In contrast, the homogeneous surface treatment can prolong the PL of CsPbI~3~ suspension period to 11 days while at the same time enhancing their quantum yield (QY).

2. Results and Discussion {#sec2}
=========================

2.1. Heterogeneous Surface Treatment by CsPbBr~3~ {#sec2.1}
-------------------------------------------------

The heterogeneous surface treatment was divided into two cases according to the different solvents. When acetonitrile (ACN) was used as the solvent, the results are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A. On the first day, the PL intensity of the treated sample (3.3 × 10^5^) was like that of the untreated sample (4.8 × 10^5^) at the red peak wavelength 680 ± 10 nm of cesium lead iodide. On the second day, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, the PL intensity of the treated sample was 1.7 × 10^6^, 5 times that of the first day and 3 times that of the untreated sample (6.3 × 10^5^). As a result, the PL intensity was enhanced. However, at the third day, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C, the treated sample showed rapid decay with low fluorescence, while the untreated sample maintained a PL intensity of 6.7 × 10^5^. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D, even though the PL intensity of the treated sample was low, it was still higher than that of the untreated sample. The stabilization time of cesium lead iodide was not improved by the solution treatment in an ACN system, but the PL intensity of CsPbI~3~ was enhanced at day 2. The slight blue shift of the treated sample and the enhanced PL intensity of the treated sample on day 2 may be due to the interaction between CsPbBr~3~ and CsPbI~3~. The PL behavior of CsPbBr~3~ made by the LARP method was also shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} for comparison.

![PL spectra of various samples with ACN as the solvent at different days. The black, red, and green lines represent the untreated CsPbI~3~ sample by the HIP method (HIP), the HIP sample treated by the CsPbBr~3~ precursor with the LARP method (HIP-LARP-Br), and the CsPbBr~3~ sample made by the LARP method (LARP-Br). (A) PL behavior at 1 day, (B) 2 days, (C) 3 days, and (D) 7 days.](ao0c01403_0001){#fig1}

With *N*,*N*-dimethylformamide (DMF) as the solvent, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf), the emission wavelength remained steady in the 530 ± 20 nm range, without the red wavelength peak of 680 ± 10 nm, indicating the damage of the core CsPbI~3~ and the appearance of the treating material CsPbBr~3~. However, with the increase in time, PL intensity increased from the original 0.2 × 10^6^ at the first day ([Figure S1A](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf)) to 2 × 10^6^ nearly 10 times at 13 days ([Figure S1D](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf)) while the peak half-width narrowed slightly. Compared to the pure CsPbBr~3~ sample, the treated sample is more uniform without sedimentation. Even though the DMF solvent damaged the cesium lead iodide, interestingly, it improved the PL intensity and uniformity of the cesium lead bromide.

2.2. Homogeneous Surface Treatment by CsPbI~3~ {#sec2.2}
----------------------------------------------

In the heterogeneous surface treatment, we saw that the solvent DMF is damaging to the CsPbI~3~ core. On the other hand, the solvent ACN is difficult to dissolve the precursors of CsPbI~3~. As a result, in this approach of treating the CsPbI~3~ core particles with a CsPbI~3~ precursor, we adopted a mixture of ACN and DMF as a solvent with a majority of ACN. The emission and absorption spectra of CsPbI~3~ perovskite with and without solution treatment as a function of time are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A shows that the hot injection perovskite (HIP) experienced a blue shift in the emission peak wavelength, first about 10 nm from day 1 to day 3, and then slightly from day 3 to the day 9, before finally quenched at about 675 nm after day 9. However, for the HIP treated by the ligand-assisted reprecipitation perovskite (LARP) of CsPbI~3~ (LARP-I), as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, the emission peak wavelength remained stable at 688 nm from day 3 to day 11 and quenched after day 12. Meanwhile, the absorbance of HIP decreased sharply while the absorbance of HIP-LARP-I remained similar from day 3 to day 7, indicating that the LARP treatment improves the stability of the absorbance and emission spectra. There was an abrupt increase in the absorbance of the HIP-LARP-I sample on the 11th day. The reason is unclear. We noticed that the ambient humidity of the 11th day increased abruptly because of the weather of that day. Therefore, the weather might play a role for the increase in absorbance at the 11th day. Over time, the HIP-LARP-I suspensions could luminesce for 11 days while the HIP suspensions could luminesce for only 7 days. The treatment by the LARP-I extended the photostability of HIP for 4 days.

![PL emission spectra and normalized UV absorption spectra of (A) CsPbI~3~ (HIP) suspension and (B) CsPbI~3~ suspensions treated by CsPbI~3~ made by the LARP method (HIP-LARP-I) as a function of time. The PL spectra of HIP suspension blue-shifted with increasing intensity while the absorption decreased from day 3 to day 7. In contrast, HIP-LARP-I maintained the same emission wavelength with increasing intensity. Also shown are the photographs of the suspensions under UV light.](ao0c01403_0002){#fig2}

The PL colors of the perovskite suspensions excited by the UV lamp are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} as well. All the suspensions showed bright red fluorescence. The perceived color of the suspensions under the ambient light is shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf). Under a UV lamp, HIP changed from red (1 d) via pink (7 d) to blue (9 d). On the other hand, the HIP-LARP-I suspensions changed from red to pink (11 d) and stayed as pink. Under natural light, the color of all samples changes from brownish red to light yellow.

The stability of the suspensions is further characterized by their QY. The results on QY of the HIP and HIP-LARP-I nanocrystals are shown in Table S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf) and they are plotted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. It was found that the QY increased from day 1 to day 3 for both systems. However, the HIP-LARP-I nanocrystals maintained the QY while that for HIP decreased after day 3. Clearly for the HIP, there is a rapid degradation process after day 3 while the LARP-I treatment delays the degradation process.

![QY of HIP and HIP-LARP-I suspensions as a function of time, respectively.](ao0c01403_0003){#fig3}

To further understand the treatment process, CsPbI~3~ nanocrystals were studied by transmission electron microscopy (TEM) and the results are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. TEM images of freshly prepared cesium lead iodide samples with HIP are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B, perovskite crystals of HIP aged for 5 days are shown in [4](#fig4){ref-type="fig"}C,D, and HIP-LARP-I samples dried from suspensions and aged 5 days are shown in [4](#fig4){ref-type="fig"}E,F. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A shows that for the HIP, there were nanocrystals of the cubic phase CsPbI~3~, most of which are less than 20 nm size. The lattice spacing of the particles is about 6.2 Å, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B. This is consistent with the perovskite black phase described by Sutton et al.^[@ref36]^ It is also possible to form a small amount of zero-dimensional (0D) Cs~4~PbI~6~ in the synthesis process because there is a tendency to form Cs~4~PbI~6~ in the presence of high concentration of the surfactant, as reported by Grisorio et al.^[@ref37]^ and Ray et al.^[@ref38]^ in the system of Cs~4~PbBr~6~. However, the amount of 0D Cs~4~PbI~6~ may be too small to be observed clearly in TEM. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C shows that for the HIP crystals aged for 5 days, there were nanocrystals of irregular morphology and uneven size, most of which have particle sizes of less than 20 nm and a small number of hexagonal particles of 40 nm size. This phenomenon is mainly due to the unstable nature of perovskite. On the one hand, CsPbI~3~ nanocrystals are affected by water and oxygen molecules in the air, resulting in a transition from a three-dimensional black phase to a nonemissive yellow phase. On the other hand, it is transformed into a zero-dimensional structure of Cs~4~PbI~6~, which was reported by Yunakova et al.^[@ref39]^ upon heating CsPbI~3~ at *T* ≥ 400 K, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C. The instability of HIP at day 5 was confirmed in the XRD results as well and will be described later. The high-resolution TEM image in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D shows that the lattice spacing of the HIP crystals is about 5 Å, which is close to the lattice constants of the yellow phase described by Sutton et al.^[@ref36]^[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E,F shows that the HIP-LARP-I NCs are more uniform, with size around 20 nm. These uniform particles have a lattice spacing of 5 Å, similar to that in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D indicating that they are the degraded CsPbI~3~ yellow phase. Interestingly, we also found a few small nanoparticles of about 5 nm in size immersed in between the uniform CsPbI~3~ nanocrystals. The lattice spacing of the small particles is about 6.2 Å, corresponding to the undegraded perovskite black phase. This finding further demonstrates the effectiveness of LARP-I treatment, which can preserve the CsPbI~3~ nanocrystals to some extent.

![TEM images of freshly prepared HIP CsPbI~3~ samples (A,B); HIP CsPbI~3~ samples after 5 days (C,D); and HIP CsPbI~3~ samples treated with LARP-I after 5 days (E,F). The homogeneous surface treatment can maintain the original phase with a lattice spacing of 6.2 Å.](ao0c01403_0004){#fig4}

We also examined X-ray diffraction (XRD) of the HIP and HIP-LARP-I CsPbI~3~ nanocrystals kept for different number of days. The results are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. It was found that the fresh HIP samples correspond to the cubic crystal structure with strong (100) and (200) peaks. However, 5 days later, the XRD patterns showed the orthorhombic phase indicating the degradation from the cubic structure. The phase transformation of HIP from the cubic phase to orthorhombic phase occurring in the 5-day old sample is consistent with the drop in QY after day 3. This phase change causes the fluorescence to eventually quench at day 9. In contrast, for the HIP-LARP-I samples, we tested the fresh sample and the 7-day sample and the results showed that for both samples, the characteristic peaks were the cubic phase, consistent with the original HIP phase indicating that the LARP-I treatment stabilizes the HIP cubic phase inhibiting the phase transformation process.

![XRD patterns of (A) HIP CsPbI~3~ and (B) HIP-LARP-I CsPbI~3~ nanocrystals at different times.](ao0c01403_0005){#fig5}

The optical absorption spectra of the samples are shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf). Using the analysis suggested by the Tauc [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.where α is the absorbance, *C* is the constant for a direct transition, *h* is the Planck's constant, and ν is the frequency of the incident photon. The obtained band gap energies for HIP and HIP-LARP are shown in Table S2 in the [Supporting Information.](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf) The band gap energies and the PL emission peak wavelengths are plotted as a function of time in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. It is shown that the PL emission peak wavelength decreased with time but for HIP, there is a drastic decrease after day 7 indicating the faster degradation process. Meanwhile, the wavelengths corresponding to band gap energies obtained from the Tauc plot decreased with time continuously for both cases. As a result, the band gap of the samples is in the range of 1.6--2.0 eV, in reasonable agreement with the reported band gap of 1.73 eV for CsPbI~3~,^[@ref40]^ considering the effects due to degradation over time and interfacial diffusion or interaction.

![PL emission peak wavelength and band gap energy deduced from absorbance as a function of time.](ao0c01403_0006){#fig6}

3. Discussion {#sec3}
=============

There have been several recent studies on the stabilization of CsPbI~3~. Our results are compared with those reports and other studies in a summary shown in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf). The stability time of our study is comparable with most studies while we show enhancement in PL or QY. Several reports on the stability of bromine-based perovskites have shown their results in no more than 2 days in isopropanol, water, and light.^[@ref41]−[@ref43]^ Pan et al. reported the use of IDA as a ligand and achieved a 15-day stability on PL emission, compared with the untreated sample quenching after 5 days.^[@ref44]^ Wang et al. stabilized the cubic perovskite phase of CsPbI~3~ by replacing the conventionally used OA with an alkyl phosphinic acid and 20 days of stability was characterized by PL and absorption where QY was not mentioned.^[@ref40]^ Therefore, we present a new strategy for stabilizing CsPbI~3~ here using PL, QY, and TEM in detail.

Because CsPbBr~3~ is more stable than CsPbI~3~, it was thought that using CsPbBr~3~ to cover the CsPbI~3~ can protect the less-stable CsPbI~3~ and improve stability. However, in this heterogeneous treatment, it was found that the solvent used to prepare the precursors plays an important role. When a good solvent such as DMF is used to prepare the CsPbBr~3~ precursors, the DMF dissolved the CsPbI~3~ in the toluene suspensions, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf). As a result, we switched the solvent to ACN which is less damaging to CsPbI~3~ and we have some success in enhancing the PL of CsPbI~3~ but the PL only stayed for 2 days, shorter than the untreated CsPbI~3~. Apparently, the coverage of CsPbBr~3~ on the CsPbI~3~ is not very good. Perhaps, heterogeneous nucleation or lattice mismatch prevents a good coverage. As a result, in the homogeneous treatment, we used a mixed solvent of DMF and ACN when preparing the CsPbI~3~ precursor to treat CsPbI~3~ itself. This time the PL is enhanced and the stability is improved as well. It is likely that a better protection on the core CsPbI~3~ by itself can be achieved because of better matching of material structure and surface chemistry. A schematic illustration of the behaviors of heterogeneous LARP-Br treatment and homogeneous LARP-I treatment is summarized in Figure S4 in the [Supporting Information.](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf)

4. Conclusions {#sec4}
==============

CsPbI~3~ suspensions synthesized by the hot injection method (HIP) were shown to be unstable over time. Using the LARP method to treat the HIP CsPbI~3~ in suspension, the properties of CsPbI~3~ can be modified. In the case of heterogeneous LARP treatment of using CsPbBr~3~ precursors (LARP-Br) in ACN, the PL intensity of CsPbI~3~ can be enhanced. However, the stability of CsPbI~3~ did not improve. On the other hand, in the case of homogeneous LARP treatment of using CsPbI~3~ precursors (LARP-I), both the PL and stability of CsPbI~3~ suspensions were improved. Based on TEM and XRD analysis, it was concluded that the LARP-I treatment preserved small, undegraded nanoparticles among larger degraded HIP particles.

5. Experimental Procedure {#sec5}
=========================

5.1. Synthesis Procedure {#sec5.1}
------------------------

### 5.1.1. CsPbI~3~ by the HIP Method {#sec5.1.1}

#### 5.1.1.1. Preparation of the Cs-Oleate Precursor {#sec5.1.1.1}

A total of 0.407 g of cesium carbonate (Cs~2~CO~3~ Aldrich 99.9%, Shanghai Aladdin Biochemical Technology Co., Ltd) was loaded into a 50 mL three-neck flask along with 20 mL of 1-octadecene (ODE, \>95.0%, Shanghai Macklin Biochemical Co., Ltd) and 1.25 mL of oleic acid (OA, 85−95%, Shanghai Titanchem, 326 Shanghai), vacuum-dried for 1 h at 120 °C, and then heated under N~2~ to 150 °C until all Cs~2~CO~3~ has reacted with OA. Because Cs-oleate is easy to precipitate from ODE at room temperature, it must be preheated to 100 °C before injection into ODE.

#### 5.1.1.2. Synthesis of CsPbI~3~ Solution {#sec5.1.1.2}

A total of 86.7 mg of PbI~2~ (99.0%, Beijing Puyihua Technology, Beijing) was dissolved in 5 mL of ODE at 120 °C for 1 h in an oven followed by addition of 0.5 mL of OA and 0.5 mL of oleylamine (OLA, 80--90%, Shanghai Titanchem, Shanghai) under the flow of N~2~. The solution was then heated in an oil bath to 160 °C at which time 0.4 mL of the Cs-oleate precursor was quickly injected in the solution followed by cooling in an ice bath to reach room temperature. After 5 min of the reaction under continuous stirring, the solution was centrifuged at 9000 rpm for 10 min. The precipitate was then added to 10 mL of toluene (≥99.5%, Sinopharm Chemical Reagent, Shanghai) to make a suspension.

### 5.1.2. Heterogeneous Surface Treatment: HIP CsPbI~3~ Treated by LARP CsPbBr~3~ (HIP-LARP-Br) {#sec5.1.2}

Oleylamine-capped cesium lead bromide nanocrystals CsPbBr~3~ were synthesized as follows. The solvent used was either 3.2 mL of acetonitrile (can) or 3.2 mL of *N,N*-dimethylformamide (DMF) . Subsequently 0.125 mmoL (26.6 mg) of cesium bromine (CsBr) and 0.125 mmoL (45.9 mg) of PbBr~2~ were added to the solvent under continuous stirring followed by the addition of 31 μL of oleylamine (OLA) and 313 μL of oleic acid (OA) as capping molecules. After 15 min of the reaction under continuous stirring, the precursor of the treated liquid was obtained.

The preparation of the surface-treated CsPbI~3~ proceeded with the method for HIP CsPbI~3~ solution followed by the CsPbBr~3~ LARP solution. First, 1 mL of HIP solution was added to 3.2 mL of toluene and then 86 μL of the LARP liquid precursor was added to the solution. The supernatant was discarded, and the sediment cesium lead iodide nanocrystals were dispersed in 3 mL of toluene.

### 5.1.3. Homogeneous Surface Treatment: HIP CsPbI~3~ Treated by LARP CsPbI~3~ (HIP-LARP-I) {#sec5.1.3}

The preparation of the surface-treated CsPbI~3~ proceeded with the method for HIP CsPbI~3~ solution followed by the CsPbI~3~ LARP solution.

The oleylamine-capped cesium lead iodide nanocrystals CsPbI~3~ precursors were prepared as follows. The solvent was prepared by mixing 6.7 mL of ACN (99.5%, Sinopharm Chemical Reagent, Shanghai) with 300 μL of DMF (99.8%, URchem, Shanghai) and 0.05 mmoL (13 mg) of cesium iodide (CsI, 99.0%, Beijing Puyihua Technology, Beijing) and 0.05 mmoL (23.06 mg) of PbI~2~ was added to the solution under continuous stirring followed by the addition of 0.78 mL of oleylamine and 1 mL of OA as the capping molecules. After 5 min of the reaction under continuous stirring, the solution was centrifuged at 9000 rpm for 10 min. The precipitate was then added to 10 mL of toluene to make a suspension.

For the treatment process, 1 mL of HIP solution was added to 10 mL of toluene and then 200 μL of the LARP liquid precursor prepared as mentioned above was added to the solution. The supernatant was discarded, and the sediment cesium lead iodide nanocrystals were collected and dispersed in 3 mL of toluene.

5.2. Characterization {#sec5.2}
---------------------

The PL intensities of the nanoparticles were measured using a Gilden Photonics SENS-9000 spectrometer (England) with a 350 nm light source, and the ultraviolet--visible (UV--vis) absorption spectra were measured using a Shimadzu UV-2660 (Japan). The QY of the nanoparticles was obtained by an integrating sphere with the same Gilden Photonics SENS-9000 spectrometer. The particle morphologies were examined using a JOEL JSM6700F transmission electron microscope operated at 200 kV. Scanning electron microscopy (SEM) with energy-dispersive spectroscopy elemental analysis was also carried out using Hitachi S-4800 (Japan). The crystalline structures were examined using a Bruker D8-ADVANCE X-ray diffractometer (Germany).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01403](https://pubs.acs.org/doi/10.1021/acsomega.0c01403?goto=supporting-info).PL spectra of heterogeneous surface treatment with DMF as a solvent, the black solid line represents the untreated sample cesium lead iodide, the red solid line represents the treated sample, and the green solid line represents the sample containing Br treatment solution, PL at 1 day, 2 days, 6 days, and 13 days; images of HIP and HIP-LARP-I samples under ambient light as a function of time; Tauc plots obtained from absorption data of freshly prepared Lead cesium iodide samples at different lengths of time; schematic that illustrates the behaviors of heterogeneous LARP-Br and homogeneous LARP-I treatment of CsPbI~3~; detailed data of absorbance and absolute QY of cesium lead iodide samples prepared by the HIP and HIP-LARP-I methods at different times; summary table of PL peak wavelength, band gap energy obtained from the Tauc plot of cesium lead iodide samples prepared by the HIP and HIP-LARP-1 methods at different times; and summary of recent reports on the use of surface modification to stabilize perovskite ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01403/suppl_file/ao0c01403_si_001.pdf))
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